Understanding how changes in the cardiovascular system contribute to cerebral blood flow (CBF) and volume (CBV) increases is critical for interpreting hemodynamic signals. Here we investigated how systemic cardiovascular changes affect the cortical hemodynamic response during voluntary locomotion. In the mouse, voluntary locomotion drives an increase in cortical CBF and arterial CBV that is localized to the forelimb/hindlimb representation in the somatosensory cortex, as well as a diffuse venous CBV increase. To determine if the heart rate increases that accompany locomotion contribute to locomotion-induced CBV and CBF increases, we occluded heart rate increases with the muscarinic cholinergic receptor antagonist glycopyrrolate, and reduced heart rate with the β 1 -adrenergic receptor antagonist atenolol. We quantified the effects of these cardiovascular manipulations on CBV and CBF dynamics by comparing the hemodynamic response functions (HRF) to locomotion across these conditions. Neither the CBF HRF nor the arterial component of the CBV HRF was significantly affected by pharmacological disruption of the heart rate. In contrast, the amplitude and spatial extent of the venous component of the CBV HRF were decreased by atenolol. These results suggest that the increase in venous CBV during locomotion was partially driven by peripheral cardiovascular changes, whereas CBF and arterial CBV increases associated with locomotion reflect central processes.
Introduction
Local cerebral blood flow is controlled centrally by local neural activity via neurovascular coupling (Attwell et al., 2010; Hillman, 2014; Logothetis, 2008) , but also can be affected by peripheral cardiovascular changes, which are buffered to varying degrees by cerebral autoregulation (Lassen, 1959; Lucas et al., 2010; Tzeng and Ainslie, 2013) . Understanding the relative balance of central and peripheral contributions to the cerebral hemodynamic response is critical for drawing inferences from hemodynamic signals across behavioral states and comparing healthy versus diseased populations (D'esposito et al., 2003; Iadecola, 2004 Iadecola, , 2013 . However, there is an incomplete understanding of how systemic cardiovascular changes impact cerebral blood flow (CBF) and volume (CBV) increases.
Sensory evoked hemodynamic changes are typically thought of as a linear convolution of the stimulus with a hemodynamic response function (HRF) (Boynton et al., 1996; Glover, 1999; Vazquez and Noll, 1998) . It is important to determine if the HRF reflects purely central processes, such as neural and/or astrocytic control (Attwell et al., 2010; Hamel, 2006; Hillman, 2014; Petzold and Murthy, 2011) , or if the HRF is affected by changes in the cardiovascular system, such as increases or decreases in heart rate . Because CBV increases are generated by the dilation of both arteries and veins (Drew et al., 2011; Kim et al., 2007; Kim and Kim, 2011; Lee et al., 2001; Silva, 2005; Zong et al., 2012) , in order to interpret CBV signals it is essential to understand how cardiovascular state affects both types of vessels. Arteries and veins will be affected by blood pressure differentially, as arteries have active autoregulatory responses (Faraci and Heistad, 1990; Harder, 1984) , while veins passively change their diameters in response to pressure changes (Boas et al., 2008; Buxton et al., 1998; Edvinsson et al., 1983; Mandeville et al., 1999; Zheng and Mayhew, 2009) . Consistent with these observations, measurements of the responses of individual cerebral arteries and veins in anesthetized mice, where the heart rate is lowered relative to the awake animal, have shown that anesthesia completely blocked the dilation of cerebral veins to sensory stimulation that was normally present in the awake animal (Drew et al., 2011) . Fluctuations in cardiovascular and respiratory processes can affect resting and sensory-evoked cerebral hemodynamic signals (Birn et al., 2008a (Birn et al., ,b, 2009 Shmueli et al., 2007) , and blood pressure can affect BOLD (blood-oxygen level dependent) signals (Kalisch et al., 2001; Wang et al., 2006) . Imaging modalities that permit subject motion, such as near-infrared spectroscopy (NiRS) (Ferrari and Quaresima, 2012; Piper et al., 2014) may also be sensitive to cardiovascular changes accompanying movement. These results suggest that in addition to changes in blood vessel diameter evoked by central processes, changes in cardiovascular state may also contribute to the hemodynamic response.
The largest, normal physiological perturbations in the cardiovascular system take place during exercise, making exercise a natural test case for investigating the significance of cardiovascular changes in affecting cerebral hemodynamic signals. Exercise increases heart rate, cardiac output and systemic blood pressure (Mitchell, 1985; Yancey and Overton, 1993) . While there is a large, but contradictory, body of literature on the effects of exercise on CBF in humans (Ogoh and Ainslie, 2009) , the imaging techniques available in animal models have allowed a better understanding of the cerebral hemodynamic changes during exercise, as well as their microvascular basis. During voluntary locomotion in mice, increases in CBV and CBF are largely localized to the forelimb/hindlimb (FL/HL) representations in the primary somatosensory cortex (SI), with little change in the frontal cortex (FC) (Huo et al., 2014) . The increases in CBV and CBF are linearly related to locomotion, and are well-captured by HRFs (Huo et al., 2015) similar to the one used in BOLD-based fMRI (Boynton et al., 1996; Glover, 1999) . The CBV HRF can be decomposed into arterial and venous components (Huo et al., 2015; Silva et al., 2007) . The locomotion-evoked arterial component of the CBV HRF is largest in the cortical FL/HL representation, while the spatial distribution of venous component of the CBV HRF is more uniform across frontal and parietal cortical surface (Huo et al., 2015) . Because average neural activity and hemodynamic signals in FC decouple during locomotion (Huo et al., 2014) , it is conceivable that other physiological processes, such as cardiovascular changes, contribute to locomotion-evoked CBV and CBF changes.
Here, we tested if the disruption of normal cardiovascular changes accompanying voluntary locomotion affected locomotion-evoked CBV and CBF HRFs. If pharmacological occlusion or reduction of the heart rate increases during locomotion altered the locomotion-evoked HRFs, then systemic cardiovascular processes contribute to the observed changes in CBV and CBF, and thus any evoked changes in cerebral hemodynamic signals cannot be entirely attributed to central (neural and astrocytic) processes. We blocked muscarinic acetylcholine receptors with glycopyrrolate, which increases heart rate and cardiac output (Seifert et al., 2010) , elevates resting blood pressure (Hamner et al., 2012) , and blocks parasympathetic outflow. In humans, glycopyrrolate can block exercise-induced CBF increases (Seifert et al., 2010) (but see Rokamp et al., 2014) . We blocked β 1 -adrenergic receptors with atenolol, which reduces heart rate and blood pressure (Fitzgerald et al., 1978; Joyner et al., 1986) and decreases cardiovascular output (Joho et al., 2006) . Neither glycopyrrolate nor atenolol crosses the blood-brain barrier (Franko et al., 1962; Neil Dwyer et al., 2012) . Using laser Doppler flowmetry (LDF) and intrinsic optical signal (IOS) imaging, we found that the CBF HRF and the arterial component of the CBV HRF to locomotion were not significantly affected by these pharmacological disruptions of normal cardiovascular fluctuations. In contrast, the amplitude of the venous component of the locomotion-evoked CBV HRF was significantly decreased under the influence of atenolol. Our findings indicate that during normal behavior, a substantial amount of the venous component of the CBV HRF could be driven by cardiovascular changes.
Methods

Animals
All experimental procedures were performed in accordance with the Institutional Animal Care and Use Committee of the Pennsylvania State University, University Park and NIH guidelines. A total of 13 male C57BL/6 J mice (Jackson Laboratory) were used. Mice were housed individually and kept on a 12-hour light/dark cycle.
Surgery
Mice were 4 to 10 months old (23-33 g) at the time of surgery. All surgical procedures were performed under isoflurane anesthesia. Mice were implanted with head bolts, and either bilateral or unilateral reinforced thinned-skull windows for IOS and LDF measurements. Detailed surgical procedures for creating reinforced thinned-skull windows have been described previously (Drew et al., 2010; Huo et al., 2014 Huo et al., , 2015 Shih et al., 2012) . We attached a custom-machined titanium head bolt to the dorsal aspect of the exposed skull, posterior to lambda. We then installed chronic, coverslip-reinforced thinned-skull windows spanning both frontal and parietal cortices, bilaterally in 10 mice, and unilaterally in 3 others. Black dental acrylic was used to minimize reflected light. In the three mice with unilateral thinned-skull windows, self-tapping 3/32" #000 screws were placed into the skull contralateral to the windows over the frontal (+ 2.0 mm A-P and 1.0 mm M-L from bregma) and parietal (− 0.5 mm A-P and 2.0 mm M-L from bregma) cortices for use as electrocortogram (ECoG) electrodes. The screws were connected via stainless steel wires (A-M Systems, #793600) to an electrical connector for differential ECoG measurements.
Experiments
Mice were head-fixed on top of a spherical treadmill (60-mm diameter) covered with anti-slip tape. The treadmill had one rotational degree of freedom. The animal's velocity was recorded using an optical rotary encoder (Gao and Drew, 2014) (US Digital, attached to the axle of the treadmill. All data were collected using custom-written software in LabView 8.6 (National Instruments). For CBV measurements (n = 13), four 530 nm LEDs (Thorlabs, M530L2-C1) (Bouchard et al., 2009) , with ±10 nm filters (Thorlabs, FB530-10), uniformly illuminated the area of the thinned skull window(s). Because 530 nm is an isobestic point of hemoglobin (Prahl, 2006) , CBV increases due to arterial and venous dilations cause a decrease in reflectance (Huo et al., 2015) . Intrinsic images (256 × 256 pixels, 27-43 μm/pixel) were captured using a CCD camera (Dalsa, Pantera 1 M60) (Huo et al., 2014 (Huo et al., , 2015 at an acquisition frequency of 30 frames/s (for~3 minutes) for heart rate measurements (Fig. 1 ), or at 3 frames/s (for~33 minutes) for locomotion-driven CBV HRF measurements. A camera (Microsoft, LifeCam Cinema) was used to monitor the animal's behavior. In this experimental setup, instrumentation noise in measures of reflectance has a root-mean square (RMS) amplitude of~0.01% (Huo et al., 2014) , which is~100x smaller than the spontaneous ongoing fluctuations in hemodynamic signals that are found in awake rodents (Huo et al., 2014 (Huo et al., , 2015 and~1000× smaller than the locomotion evoked signals measured here (Huo et al., 2014 (Huo et al., , 2015 . For CBF measurements, a laser Doppler flowmeter (LDF) (Oxford Optronix, OxyFlo) probe was positioned at a 30-degree angle over the frontal or parietal cortex of the left hemisphere (n = 7) of animals with bilateral thinned-skull windows. CBF was only measured in one location per trial. For simultaneous LDF and IOS measurements, a 530 ± 5 nm filter was attached to the CCD camera to block light emitted by the LDF probe. Because the LDF probe partially obscured the window over the left hemisphere, on trials where CBF measurements were made, only the right hemisphere was included in calculating the spatial spread of the arterial and venous signals. ECoG was recorded differentially from screws in the frontal and parietal cortices, amplified (DAM80, WPI Inc.), and band-pass filtered between 0.1 Hz and 200 Hz (Brownlee Precision, Model 440). The measured CBF and CBV signals report fractional, not absolute, changes in cerebral blood flow and volume, respectively.
Sterile saline (Teknova), glycopyrrolate (50 μg/kg in saline, SigmaAldrich), and atenolol (2 mg/kg in saline, Sigma-Aldrich) were intraperitoneally injected into all of the 13 mice. The animal was allowed to acclimate to the treadmill for at least 30 minutes prior to the injection. Only one injection was made for each animal per day. The interval between any two consecutive injections was at least 24 hours. Injections were interleaved such that no two consecutive injections were the same drug and the order of the drug/saline injections was randomized such that no two animals received the injections in the same order. The heart rate was monitored from the IOS immediately before and after injection. Heart rate changes were used as a marker of drug efficacy. We found that the changes in heart rate induced by glycopyrrolate and atenolol lasted for more than 40 minutes and 1 hour, respectively (data not shown). Based on these measurements, we recorded the IOS at 30 frames/s for 3-7 minutes after drug/saline injection to verify that the drug had an effect, and then recorded the IOS for~33 minutes at 3 frames/s. These 33-minute trials were used to fit the locomotion-evoked CBV and/or CBF HRFs under the influence of either drug or saline. In each mouse, 1 to 4 trials were taken under each condition. In one mouse, there was no detectable increase in CBF in the frontal cortex (FC) during locomotion after glycopyrrolate injection. This animal was excluded from the glycopyrrloate CBF HRF estimation.
At the conclusion of experiments, mice were deeply anesthetized and transcardially perfused. Tangential slices of the cortex were processed for cytochrome oxidase staining (Drew and Feldman, 2007) to reconstruct the forelimb (FL) and hindlimb (HL) representations in the primary sensory cortex (SI). We aligned the histological images with the IOS images using a combination of vascular morphology and fiduciary marks (Drew and Feldman, 2009; Huo et al., 2014 Huo et al., , 2015 . In each hemisphere, a polygon of interest enclosing the FL/HL representation was selected based on cytochrome oxidase staining (Fig. 5 ) (Huo et al., 2014 (Huo et al., , 2015 . One animal with a unilateral reinforced thinned-skull window, whose FL/HL representation we were not able to reconstruct histologically, was excluded from IOS analyses that required identification of the FL/HL region. The position of the LDF probe was histologically verified to be within the FL/HL region for parietal cortex measurements.
Data analysis
All analyses were performed in Matlab (MathWorks). The velocity from the optical rotary encoder was binarized into locomotion events and downsampled to the IOS frame rate (Huo et al., 2015) . For each animal, a baseline IOS image was calculated for each day of imaging as the average during a~10-s period of rest. The baseline, R 0 , was taken from a time period after the animal had been on the treadmill for N 30 minutes, but before any injection was made. The baseline period was chosen such that it was not preceded by a long locomotion bout (Huo et al., 2015) . IOS images from all trials within the same day were normalized against this baseline. The fractional change of reflectance ΔR/R 0 was calculated for each pixel in the IOS image as (R-R 0 )/R 0 . To monitor heart rate, we calculated the multi-taper power spectrogram of the spatial average of ΔR/R 0 across the entire window using the Chronux toolbox (Mitra and Bokil, 2008) , with a 3.33-s moving window at steps of 1 s and frequency resolution of 0.23 Hz. The heart rate in each time bin was determined by finding the peak frequency within the 5-15 Hz band. LDF signals measuring CBF were down-sampled to 3 Hz by averaging within each 0.33-s time bin. Similar to the IOS baseline, the baseline CBF, Q 0 , was determined as the average CBF, Q, over a period of~10 s when the animal was stationary and no visible behavior was observed, and prior to any injection. Only one baseline per day was used for all the trials on a given day. The fractional change of CBF, ΔQ/Q 0 , was given by: (Q-Q 0 )/Q 0 . We calculated the power spectrogram of ECoG data using a sliding 1-s window, with a step size of 0.3 s, and frequency resolution of 0.9 Hz. The power gain was calculated by dividing the instantaneous power spectrum by the baseline power spectrum. The In the spectrograms of IOS (middle row), the heart rate-related oscillation is visible as the frequency corresponding to the peak power in the 5-15 Hz band (purple line). In the spectrograms of ECoG (bottom row), locomotion-related increases in gamma-band power (defined as 40-100 Hz, excluding 55-65 Hz) are visible. Superimposed on the ECoG spectrogram is the gamma-band power gain (in dB A Pγ , cyan line, right axis). (B) At rest (left) and during locomotion (right), the mean heart rate was significantly affected by the injection of glycopyrrolate or atenolol compared to saline injection. After saline or atenolol injection, locomotion significantly increased heart rate during locomotion compared to at rest. Glycopyrrolate increased heart rate such that there was no significant difference between the resting heart rate and heart rate during locomotion. Pairwise two-sample t-tests: N.S., not significant; *p b 0.05; ** p b 0.01; *** p b 0.001. (C) Gamma-band power gain during locomotion, as compared to at rest (A Pγ ) was unaffected by glycopyrrolate or atenolol. (D) Fraction of time spent locomoting after the injection of saline, glycopyrrolate, or atenolol were not significantly different. One-way ANOVA: N.S., not significant. baseline ECoG power spectrum was averaged over a manually selected 10-s period when the animal was stationary. The baseline was taken during a time period after the animal had been on the treadmill for N 30 minutes, before any injection was made, and when the heart rate was within the normal resting heart rate range. The power gain was calculated by dividing the instantaneous power spectrum by the baseline power spectrum. The gamma-band power gain, A Pγ , was the average power gain within gamma-band (40-100 Hz, excluding 55-65 Hz) in decibels (dB).
To compare the effects of saline, glycopyrrolate and atenolol on locomotion-evoked CBV and CBF HRFs, we quantified the CBV-related ΔR/R 0 and CBF-related ΔQ/Q 0 using a linear convolution model (Boynton et al., 1996; Huo et al., 2015; Silva, 2005) with binarized locomotion events as inputs (Huo et al., 2015) . This model is schematically illustrated in Fig. 2 . This simple model accurately captured the essential dynamics of individual vessels under normal physiological conditions, and allowed us to visualize the differences in the spatial spread of arterial and venous blood volume responses (Huo et al., 2015) . The CBV HRF at each pixel was fitted by the sum of two decaying exponentials with zero delay: a fast (arterial) component with a time constant of 4 s (a i ), and a slow (venous) component with a time constant of 40 s, (v i ), and a constant (DC) term. The DC term accounted for any trial-to-trial fluctuations in baseline. Fitted values of a i and v i for each pixel within the same animal and condition were averaged across trials after registration of the IOS images. It should be noted that while direct measurements of venous diameters in awake mice have shown that the venous diameters return to baseline over tens of seconds after stimulation (Drew et al., 2011; Gao and Drew, 2014; Huo et al., 2015) , there is evidence that the dynamics of veins are faster in humans (Dechent et al., 2011; Hua et al., 2011; van Zijl et al., 2012) . Because previous work has shown that fitted HRF parameters were very stable across multiple measurements separated by days to weeks (Huo et al., 2015) , we averaged across trials to reduce the variability of the HRF estimates.
The root-mean-square (RMS) of difference between the fit and the CBV data, averaged over the FL/HL representation, was calculated for every animal after each injection. The 'rest state' was defined as when the animal was not moving, where the absolute value of the change in the fit was b 1 × 10
, that is, when the fitted response was very close to constant. All other periods were defined as the locomotion state for RMS difference comparisons.
The CBF HRF was characterized as a decaying exponential with two free parameters, the amplitude, A Q , and the time constant, τ Q (Huo et al., 2015) . The total change of ΔQ/Q 0 following a locomotion event was the integrated area of the CBF HRF, A Q τ Q . We fit A Q and τ Q to minimize the mean-squared error between the model-estimated ΔQ/Q 0 and the actual measurement. We fit the CBF with a single time constant for two reasons. First, direct two-photon microscopy measurements of blood velocity through capillaries in awake mice have shown that flow increases and decreases rapidly with the onset and offset of stimulation, closely tracking arterial diameter response to the same stimulus (Drew et al., 2011) . Thus, we would expect under normal physiological conditions that the change in CBF should track arterial dilation, which have time constants of a few seconds (Huo et al., 2015) . Secondly, a single exponential kernel matches the CBF dynamics very well. If the CBF response had similar dynamics as the CBV response, that is a mixture of fast and slow processes, the fit by the single time constant The fractional change in the IOS, ΔR/R 0 , which mirrors changes in CBV, is composed of an arterial component (red), which is localized to the FL/HL area of SI, and a venous component (blue), which is more diffuse. For clarity, the DC component is not shown. Middle: A single locomotion event (top), or impulse, drives a slight change in the arterial component in the frontal cortex (FC, center, red), a large and brief arterial CBV increase in the FL/HL area (bottom, red), and small increase in venous CBV in both regions (blue). Right: A sustained locomotion bout saturates the arterial CBV increases (red), and drives a substantial venous CBV increase (blue) in both FC (center) and FL/HL area (bottom), with the venous CBV increase in the FL/HL area being somewhat larger. The sum of the arterial and venous components is shown in magenta. (B) Schematic illustrating the CBF HRF and dynamics in response to locomotion. Left: LDF measured CBF within a small area in the FC (blue) or FL/HL area (green). Middle: In response to a single locomotion event, the amplitude of the CBF HRF in FC (center row) was smaller than in the FL/HL area (bottom row). Right: Similarly, in response to sustained locomotion, the HRF was substantially smaller in FC than in the FL/HL area, mimicking the arterial component of CBV response in A. (C) Comparison of Pearson's correlation coefficient (r) between the CBV model fitting and measured ΔR/R 0 for all the pixels in the FL/HL area after saline, glycopyrrolate, and atenolol injections. There was no significant difference in the fitting quality between the saline and drug injected trials, showing the validity of the CBV model across the different cardiovascular conditions. n = 12 mice. (D) Comparison of Pearson's correlation coefficient between the CBF fitted with the model and measured ΔQ/Q 0 in FC (blue boxes) or FL/HL area (green boxes) after saline, glycopyrrolate, and atenolol injections, demonstrating that the HRF model was valid across different conditions. n = 7 mice, except for frontal cortex after glycopyrrolate injection, where n = 6 mice.
would yield an intermediate time constant between the arterial and venous time constants. Our CBF HRF fits consistently give time constants very close to those of the arterial dynamics (Huo et al., 2015) , matching the observed response (Fig. 3) , and indicating that locomotion-induced CBF increases are best fit with a single time constant.
To quantify the effects of different drugs, we compared averages using one-way ANOVA for comparisons across all injections, and multi-way ANOVA for comparison between injections in addition to other conditions. Two-sample t-tests were used for between-injection comparisons. We used the modified Bonferroni method to correct for all multiple comparisons. To compare the spatial extent of the arterial and venous CBV changes after drug injections, we regressed the arterial or venous amplitudes of CBV HRF (a i or v i ) of all pixels within the FL/HL area after drug injection against the fitted a i or v i of the same pixels after saline injection, fixing the intercept at the origin. A regression coefficient differing from unity meant the drug had altered the overall amplitude of the arterial and/or venous component of the hemodynamic response to locomotion. The spatial spread of the active arterial or venous responses was defined as the area of pixels within the window with a i or v i greater than half of the 99-percentile of the peak response.
All reported numbers are mean +/− standard deviation unless otherwise indicated. Statistical power was computed post hoc using G*power (Faul et al., 2007) Results Glycopyrrolate and atenolol affect heart rate, but did not detectably alter cortical neural activity or behavior
We first validated that glycopyrrolate and atenolol altered heart rate, but not neural activity or behavior. We did this to establish that any effects that they had on relative changes in CBF and CBV were not due to changes in neural activity. Using high-speed (30 frames/s) (Bouchard et al., 2009; Chen et al., 2011; Huo et al., 2015) IOS imaging of head-fixed mice voluntarily moving on a spherical treadmill, we measured heart rates ( Fig. 1A) during voluntary locomotion after the injection of saline, glycopyrrolate, or atenolol. After saline injection, the heart rate was 9.7 ± 1.2 Hz at rest (n = 13). Glycopyrrolate significantly increased resting heart rate to 11.1 ± 0.8 Hz (t-test: p = 0.0011), while atenolol significantly decreased the resting heart rate to 7.4 ± 0.8 Hz (t-test: p = 1.5 × 10 -5 ). During locomotion in saline injected mice, heart rates increased to 10.5 ± 0.8 Hz. Glycopyrrolate increased heart rate during locomotion to 11.4 ± 0.5 Hz (t-test: p = 0.0024), while atenolol decreased the heart rate to 8.4 ± 0.7 Hz (t-test: p = 4.3 × 10 -7
), compared to saline injection (Fig. 1B) . Glycopyrrolate raised resting heart rate such that heart rate during locomotion was not significantly higher than at rest (t-test: p = 0.22, power = 0.89).
To test if increases in neural activity accompanying locomotion (Huo et al., 2014; Niell and Stryker, 2010; Paukert et al., 2014; Polack et al., 2013) were affected by glycopyrrolate or atenolol, we quantified the locomotion-driven gamma-band power gain compared to rest, A Pγ , in the ECoG signal. Increases in gamma-band power are correlated with increases in blood flow (Logothetis et al., 2001; Niessing et al., 2005; Siero et al., 2013) . The ECoG was recorded differentially from screws in the frontal and parietal cortices, so it will reflect the neural activity over the entire hemisphere. The gain in gamma-band power during locomotion, A Pγ was significantly greater than zero after saline injection (1.31 ± 0.39 dB, n = 3, t-test: p = 0.03) (Fig. 1A) . Neither glycopyrrolate (1.54 ± 0.31 dB) nor atenolol (1.58 ± 0.39 dB) significantly altered A Pγ compared to saline injection (one-way ANOVA: F (2,6) = 0.43, p = 0.67) (Fig. 1C) , showing that these drugs did not detectably alter cortical neural activity. Finally, the fraction of time spent locomoting was not affected by drug injections (15% ± 8.2% for saline, 16% ± 8.8% for glycopyrrolate, 17% ± 8.2% for atenolol; n = 13, one-way ANOVA: F (2,36) =0.39, p = 0.68) (Fig. 1D) . Neither drug produced any visible gross alteration of behavior (grooming, movement, posture, etc.) in the mice. Consistent with their inability to cross the blood-brain barrier (Franko et al., 1962; Neil Dwyer et al., 2012) , neither glycopyrrolate nor atenolol detectably altered the cortical neural activity evoked by voluntary locomotion, or the fraction of time the mouse spent locomoting, but they did cause significant changes in heart rate at rest and/or during locomotion.
Changes in locomotion-driven CBV and CBF were reliably quantified by a linear model after glycopyrrolate or atenolol injection
We then asked if alterations of the normal locomotion-driven heart rate increases by glycopyrrolate or atenolol would affect the spatial pattern and amplitudes of relative changes in CBV and CBF in response to voluntary locomotion. Like other forms of stimulation, voluntary locomotion drives a cerebral hemodynamic response that can be quantitatively described as the convolution of the stimulus (in this case locomotion) with a hemodynamic response function (HRF), or impulse response. If the arterial, venous, and/or flow changes accompanying locomotion are partially or entirely driven by cardiovascular processes, then disrupting the heart rate increases which accompany locomotion should cause changes in the CBV and/or CBF HRFs.
Because of the large changes in heart rate induced by glycopyrrolate and atenolol, we first validated that these HRF models accurately captured the CBV and CBF responses in animals injected with glycopyrrolate or atenolol. We quantified the fitting quality as the Pearson's correlation coefficient (r) between the model's estimates and the actual measurement. The average r of CBV HRF fitting within the histologically defined FL/HL area was calculated for each animal, under each of the three conditions (saline, glycopyrrolate and atenolol injections) (Fig. 2C) . We found that the correlation between the model-estimated ΔR/R 0 and the measured responses after saline injection (r = 0.63 ± 0.18) were not significantly different from those obtained following glycopyrrolate (r = 0.73 ± 0.11; n = 12, t-test: p = 0.26), or atenolol injections (r = 0.54 ± 0.13; n = 12, t-test: p = 0.16) (Fig. 2C) . For CBF HRFs, we calculated r values of the model fits for the frontal cortex (FC) (Fig. 2D, cyan) and the FL/HL area (Fig. 2D, green) separately. In FC, the r values were 0.38 ± 0.19 after saline injection (n = 7), 0.40 ± 0.23 after glycopyrrolate injection (n = 6), and 0.37 ± 0.26 after atenolol injection (n = 7). Neither glycopyrrolate nor atenolol caused significant changes in the fitting quality of CBF HRF for FC (one-way ANOVA: F (2,17) = 0.02, p = 0.98). Similarly, in FL/HL area, the r values were 0.70 ± 0.13, 0.79 ± 0.10, and 0.64 ± 0.13 after saline, glycopyrrolate, and atenolol injections, respectively, which were not significantly different from each other (one-way ANOVA: F (2,18) = 2.8, p = 0.18). These results show that the CBV and CBF HRF models captured the locomotion-driven hemodynamic responses even with pharmacological disruptions of the cardiovascular dynamics. In subsequent analyses, we used the fit parameters of the HRFs to evaluate the contribution of peripheral cardiovascular processes to voluntary locomotion-induced changes in CBV and CBF.
We also compared the root-mean squared (RMS) noise between our fit and the actual response in the anatomically defined FL/HL representation across behavioral conditions. Changes in RMS difference between rest and locomotion will reflect the sum of error in the fit and physiological noise amplitudes. If the fit was doing a good job in capturing the hemodynamic response to locomotion, and physiological noise is stationary, the RMS noise between the fit and data should be comparable across behavioral states. However, that amplitude and frequency of physiological noise (spontaneous oscillations of arterial diameters) depends on blood pressure and modulation, with the oscillations in arterial diameter typically, but not always, increasing with pressure (Achakri et al., 1995; Fairfax et al., 2014; Gustafsson et al, 1994; Osol and Halpern, 1988; Oude Vrielink et al., 1989) . This means that the physiological noise will not be stationary across behavioral or pharmacological conditions which involve changes in blood pressure. This non-stationary in physiological noise will affect the RMS difference between the fit and data independent of fit quality. We found that there was no significant difference between the RMS differences during rest and locomotion after saline or glycopyrrolate injections (saline rest: 0.018 ± 0.011, locomotion 0.015 ± 0.002; two-sample t-test: p = 0.30; glycopyrrolate rest: 0.017 ± 0.009, locomotion: 0.014 ± 0.002; twosample t-test: p = 0.55). After atenolol injection, the RMS difference between the fit and data was larger during locomotion (0.019 ± 0.002) than at rest (0.013 ± 0.005; two-sample t-test: p = 0.006). However, there was no significant difference between the saline rest RMS and the atenolol locomotion (F (1,21) = 0.06, p = 0.80), indicating that this difference was likely due to atenolol decreasing the physiological noise during rest, consistent with atenolol's blood pressure reducing effects and the fact that the resting heart rate in the saline condition was close to, but slightly higher than the heart rate during locomotion under atenolol (Fig. 1) . There was no significant difference of RMS of fitting error across behavioural states, or across different injections (two-way ANOVA: behavioural state: F (1,65) = 0.01, p = 0.92; injections: F (2,65) = 0.16, p = 0.85). One should bear in mind that dichotomizing continuous data (in our case separating the RMS noise out by locomotion and non-locomotion conditions) can cause statistical artifacts, both false positive and false negatives (MacCallum et al., 2002) , so care is needed in interpreting the RMS differences across conditions. However under all conditions, RMS error between the fit and the data was substantially smaller than the locomotion evoked responses (b 2% vs.~10%, Fig. 4) , consistent with the correlation between fit and data not being statistically different across conditions (Fig. 2) .
CBF increases following voluntary locomotion were not detectably affected by pharmacological disruptions of the heart rate
We tested whether cardiovascular perturbations would affect the amplitude and regional localization of CBF increases associated with voluntary locomotion. If either glycopyrrolate or atenolol caused changes in locomotion-induced CBF, this would imply that CBF is at least partially regulated by peripheral cardiovascular factors. Conversely, if there were no difference in CBF dynamics evoked by locomotion between the drug conditions and saline, this would imply that CBF is controlled by central factors. The time constant of the CBF HRF fit under different pharmacological conditions was compared to determine if any of the drug injections altered the temporal dynamics of locomotion-induced flow increases.
Voluntary locomotion after saline injections drove large increases in CBF in the FL/HL area, but negligible CBF increases in FC (Fig. 3A) . In both cortical regions, compared with saline, the amplitude of the CBF HRF, A Q , was not significantly affected by glycopyrrolate or atenolol injection (two-way ANOVA: F (2,37) = 1.37, p = 0.27) (Fig. 3B) . Specifically within FC, A Q was 0.018 ± 0.015 for saline injection (n = 7), 0.021 ± 0.016 for glycopyrrolate (n = 6), and 0.020 ± 0.020 for atenolol (n = 7) (one-way ANOVA: F (2,17) = 0.08, p = 0.92). Within FL/HL area, A Q was 0.051 ± 0.010, 0.044 ± 0.015, and 0.042 ± 0.011 for saline, glycopyrrolate, and atenolol injections, respectively (n = 7, one-way ANOVA: F (2,18) = 1.01, p = 0.76). The time constant of the CBF HRF, τ Q , was not significantly different in either cortical area after any injection (two-way ANOVA: F (2,37) = 0.55, p = 0.58) (Fig. 3C) . Specifically, within FC, τ Q was 3.11 ± 2.70 s after saline injection (n = 7), 1.32 ± 0.62 s after glycopyrrolate injection (n = 6), and 4.10 ± 3.64 s after atenolol injection (n = 7), not significantly different from each other (one-way ANOVA: F (2,17) = 1.72, p = 0.42), though the locomotioninduced increase in CBF was miniscule in FC. Within the FL/HL area, τ Q was 3.33 ± 0.82 s after saline injection, 3.93 ± 1.17 s after glycopyrrolate injection, and 3.47 ± 0.83 s after atenolol injection, not significantly different from each other (n = 7, one-way ANOVA: F (2,18) = 0.77, p = 0.48). Finally, the integrated CBF increase, A Q τ Q , was not significantly different from saline injection after glycopyrrolate or atenolol injection in either cortical region (two-way ANOVA: F (2,37) = 2.63, p = 0.09) (Fig. 3D) . Specifically within FC, A Q τ Q was 0.03 ± 0.02 s, 0.03 ± 0.03 s, and 0.04 ± 0.03 s after saline, glycopyrrolate and atenolol injections, respectively (one-way ANOVA: F (2,17) = 0.35, p = 0.71); while within the FL/HL area, A Q τ Q was 0.17 ± 0.06 s, 0.17 ± 0.10 s, and 0.14 ± 0.03 s after saline, glycopyrrolate, and atenolol injections, respectively (one-way ANOVA: F (2,18) = 0.47, p = 1). These results show that the large cardiovascular changes caused by glycopyrrolate and atenolol were not accompanied by detectable changes in the locomotion-evoked CBF HRFs, consistent with the hypothesis that CBF increases associated with locomotion were centrally controlled.
Locomotion-driven arterial CBV responses were not detectably affected by pharmacological disruptions of the heart rate We tested whether the disruption of normal cardiovascular dynamics associated with locomotion would alter the amplitude or spatial extent of the locomotion-evoked CBV HRF (Huo et al., 2015) (Fig. 2A) . Examples of CBV time courses during voluntary locomotion after saline, glycopyrrolate or atenolol injections are shown in Fig. 4 .
We first determined if the arterial component of the CBV HRF was affected by cardiovascular manipulations. The amplitude of the fitted arterial component of the CBV HRF for each pixel a i in an example mouse is shown in Fig. 5A . The network of large arteries on the cortical surface was clearly visible, due to the large magnitudes of their fitted arterial component, verifying that the fitting procedure captured the arterial dynamics. To show systematic spatial variations in the amplitude of the arterial CBV response to locomotion, we calculated the average of a i across the medial-lateral axis within each hemisphere, and the rostral-caudal average of a i in both hemispheres. After saline injection, the average magnitude of a i was largest within the parietal cortex, but small or negative in the frontal cortex, consistent with previous measurements made under normal physiological conditions (Huo et al., 2015) . A very similar spatial distribution and amplitude in the fitted values of a i were seen after glycopyrrolate or atenolol injection, indicating that these drugs had no effect on the arterial component of the CBV HRF. To quantify any drug effects on the amplitude of the arterial component of the CBV HRF in the FL/HL area, we performed pixel-wise regression between the values of a i obtained under saline and drug-injected conditions within the same mouse. We restricted this quantification of fit amplitudes to the anatomically defined FL/HL representation because the FL/HL representation responds strongly to locomotion, as measured by increases in CBF and CBV. This will ensure that the correlation between the fits and the hemodynamic response was high, ensuring an accurate quantification of the individual components of the hemodynamic response. We found that the coefficient of regression against the saline control was not significantly different from unity for glycopyrrolate (1.04 ± 0.35, t-test: p = 0.70) or atenolol (0.93 ± 0.25, t-test: p = 0.70) injections (n = 12) (Fig. 5B) . This lack of a difference indicated that neither drug significantly affected the arterial component of the CBV HRF. To quantify the spatial spread of arterial component of the CBV response, we defined the arterial activated area as the area with magnitudes of a i greater than half of the 99%tile response (Huo et al., 2014) . We first evaluated the arterial activated area changes over the entire window after glycopyrrolate or atenolol injection by taking the ratio of the activated area after drug injection to the activated area after saline injection within the same animal. We used this metric because window size and position varied across animals. This ratio was not significantly different from 1 for either glycopyrrolate (0.98 ± 0.22, t-test: p = 0.78; n = 13) or atenolol (1.11 ± 0.30, t-test: p = 0.41; n = 13) (Fig. 5C ). When we restricted the activated area analysis to the pixels in the anatomically-defined FL/HL area, the arterial activated area was not significantly different from saline controls in the glycopyrrolate (0.89 ± 0.18, t-test: p = 0.06; n = 12), or atenolol (1.03 ± 0.24, t-test: p = 0.63; n = 12)
conditions. These results showed that the amplitude and spatial distribution of the arterial component of the CBV HRF were not detectably affected by cardiovascular manipulations.
Venous CBV increases accompanying locomotion were significantly attenuated by atenolol, but not by glycopyrrolate
We then investigated the effects of pharmacologically induced cardiovascular perturbations on the venous component of the CBV HRF. An example of the venous component fit amplitudes for a saline injected mouse is shown in Fig. 6A . In contrast to arterial component of the CBV HRF, the distribution of the pixels with large magnitudes of venous component, v i , was spatially diffuse, with large draining veins clearly visible across the entire cortex (Fig. 6A, left) . The amplitudes and spatial patterns of the v i were similar between glycopyrrolate and saline injection conditions (Fig. 6A, middle) . However, the spatial distribution and magnitudes of v i after atenolol injection were noticeably decreased compared to saline controls (Fig. 6A, right) .
To quantify the effects of glycopyrrolate and atenolol on the venous component of CBV HRF, we regressed the fitted values of v i after glycopyrrolate or atenolol injection against the fitted v i after saline injection for pixels in the SI FL/HL representation. As with the arterial component of the response, we restricted this quantification to the anatomically defined FL/HL representation to ensure that only pixels that were robustly driven by locomotion were used to quantify the venous response. We found that atenolol significantly decreased the magnitude of the venous component of the CBV HRF within the FL/HL area (0.44 ± The ratio between the arterial active area after glycopyrrolate or atenolol injection, I drug , and the arterial activated area after saline injection, I saline , showing no significant differences between the spatial spread of the arterial response across conditions. A ratio of one implies no change in the activated area. The height of the bar plot shows the mean of the ratio I drug /I saline (n = 13 mice, t-tests compared to unity). 0.68, t-test: p = 0.033; n = 12; power = 0.85), but glycopyrrolate did not (0.71 ± 0.59, t-test: p = 0.12; n = 12) (Fig. 6B) . We also quantified the effects of glycopyrrolate and atenolol on the spatial spread of the venous component of the CBV HRF induced by locomotion. We found that the venous activated area was significantly reduced by atenolol (0.57 ± 0.47, t-test: p = 0.013; n = 13; power = 0.93), but was not significantly changed by glycopyrrolate (1.03 ± 0.53, t-test: p = 0.86; n = 13) (Fig. 6C) . The same results held true when we restricted the venous activated area analysis to the FL/HL area, where the venous activated area was significantly reduced by atenolol (0.63 ± 0.57, t-test: p = 0.045; n = 12), but was not significantly changed by glycopyrrolate injection (1.24 ± 0.88, t-test: p = 0.38; n = 12). These results showed that the magnitude and spatial spread of the venous component of the locomotion-evoked CBV HRF were significantly decreased by atenolol, but not glycopyrrolate, indicating that the normal venous CBV response to locomotion was at least partially due to cardiovascular changes associated with locomotion.
Discussion
Studying cerebral hemodynamics during normal physiological functions is important for understanding the robustness of neurovascular coupling. The present study tested the hypothesis that increases in CBF and CBV associated with locomotion are controlled solely by central processes, rather than by peripheral cardiovascular changes. We found that glycopyrrolate occluded a significant component of the normal heart rate increase during locomotion (Wray et al., 2001 ), but it did not detectably alter locomotion-induced CBV or CBF changes. While atenolol decreased heart rate by~20%, it had no detectable effects on locomotion-induced changes in CBF or arterial CBV. However, atenolol drastically reduced the venous component of the CBV response to locomotion. This suggests that the normal venous distension accompanying locomotion requires normal heart rate modulations, implying that both cardiovascular and central processes (dilation of nearby arteries and potentially other vessels by neurons and/or astrocytes) (Huo et al., 2014; Vazquez et al., 2014) drive the CBV increase in response to locomotion. Our results suggest that stimulus-locked cardiovascular changes normally are a component of the cerebral hemodynamic response. Because tasks can modulate physiological processes such as breathing (Birn et al., 2009) , it is possible that cardiovascular-driven changes contribute to global hemodynamic signals (Gonzalez-Castillo et al., 2012) . Although atenolol did not cause any significant changes in the amount of time spent locomoting or in modulations of the gamma-band power ECoG during locomotion relative to saline injections, we cannot completely rule out any subtle neural or behavioral changes that might contribute to its effects on locomotion-induced venous CBV changes.
Although the arterial CBV and CBF responses to locomotion were robust to cardiovascular perturbations, the attenuation of the venous CBV response after atenolol injection could be explained by a limited ability of upstream arteries to autoregulate (Lassen, 1959; Lucas et al., 2010; Tzeng and Ainslie, 2013) . Between the heart and the surface vessels of the brain from which we measured flow and volume signals (Blinder et al., , 2013 Chen et al., 2011) are the large arteries in the circle of Willis (Vrselja et al., 2014) , and the initial segments of the large cerebral arteries. These large vessels at the base of the brain contribute a substantial amount to the resistance of the cerebral vascular network (Faraci and Heistad, 1990) , allowing them to exert a strong regulatory The mean ratio between the venous activated area after glycopyrrolate or atenolol injection, I drug , and the venous activated area after saline injection, I saline shows a decrease in the venous activated area after injection of atenolol (n = 13 mice, t-tests compared to unity) *, p b 0.05. influence on pressures experienced by downstream vessels in the dorsal cortex. If these vessels have a limited ability to buffer blood pressures at the low end of the autoregulatory range, this would explain the marked reduction in the venous response to locomotion under atenolol. The loss of cerebral venous dilation to sensory stimulation at low heart rates is similar to results from anesthetized mice, where the heart rate is decreased to a similar extent as atenolol, and veins do not dilate in response to sensory stimulation (Drew et al., 2011) .
There are several caveats to our results. First, intrinsic optical signal imaging only captures relative changes in hemodynamic signals from the upper layers of the cortex (Tian et al., 2011) , so we cannot comment on the hemodynamic responses in deeper layers or absolute changes. Secondly, we do not know the exact pressures experienced by the blood vessels on the surface of the cortex. The pressure in the small cortical vessels that control local blood flow is likely to not to be tightly linked to the systemic blood pressure. The amplitude of dilations of cerebral vessels will not only depend on blood pressure, but also on intracranial pressure (Ursino and Lodi, 1997) . Dilation of cerebral blood vessels will cause increases in intracranial pressure (Risberg et al., 1969) , which will oppose further increase in vascular volume.
One potential concern is that the effects of atenolol we see here could be due to change in the dynamics, that is a speedup or slow down of the venous CBV response, rather than a decrease in the amplitude. There was no detectable change in the dynamics of the fast component of the locomotion induced CBV increase (Fig. 4) . If the venous response were sped up (had a smaller time constant), then the fast component of the linear fit would increase, and the large veins would become visible in the map of the fast (arterial) component of the fit amplitudes (Fig. 5) . Veins in the dorsal cortex are easily distinguishable from arteries, as veins drain into the sagittal sinus, and do not show the anastomoses seen in the arterial network , which are visible in the maps of the fast components (Fig. 5A) , thus any 'cross-talk' would be recognizable. Since we see no veins in the arterial maps, and the amplitude of the arterial component does not change, this indicates that the venous dynamics were not accelerated by atenolol. If the venous response was slowed by atenolol, this would tend to increase the overall integrated response of the slow component to locomotion, which is the opposite of the effect we see here, suggesting that slowing was not taking place. The decrease in the slow component could not be explained by a change in the arterial dynamics, because atenolol did not alter the time constant of the CBF response (Fig. 3C) , and flow increases in the parenchyma closely follow arterial dynamics (Drew et al., 2011; Huo et al., 2015) . Another potential concern would be that the increase in RMS noise during locomotion under atenolol might obscure any true venous signals or be due to poor fitting of the venous signal. This seems unlikely, because venous responses are slow, lasting for tens of seconds Kim, 2010, 2011; Drew et al., 2011; Huo et al., 2015) , while the physiological 'noise', due to spontaneous fluctuations in arterial diameter, happens on a faster time scale than the venous response (Drew et al., 2011; Huo et al., 2015; Figure 4) , which means that the RMS noise was in a distinct frequency band from where our significant change in response was observed. If anything, the increase in RMS noise should be associated with changes in arterial responses, which we did not observe (Figs. 4  and 5) .
What physiological processes, other than changes in cardiovascular state, could explain the decreased venous response and unchanged arterial responses to locomotion we observed under atenolol? One possibility that we cannot rule out is that there was a change in the neural activity during locomotion, indirectly mediated by atenolol, that is not reflected in the ECoG, and that only affected the venous response. ECoG is a coarse measure of neural activity, as it will only measure the average activity of many neurons. It is possible that a small subset of neurons, whose activity was not detectable in the ECoG, could exert a disproportionate influence on the vascular response (Cauli and Hamel, 2010) . However, we do not know of a physiological mechanism that could link changes in the local neural activity during locomotion to venous distention alone. Because the dilation of cerebral vessels will depend on the difference between the blood pressure and the intracranial pressure, another possibility would be that raised intracranial pressure (in addition to cardiovascular changes) opposes the venous dilation during locomotion. The choroid plexus, where cerebral spinal fluid (CSF) is produced, is innervated by sympathetic adrenergic nerves, and activation of these fibers decreases cerebral spinal fluid production Edvinsson and Lindvall, 1978) . Blocking adrenergic receptors could possibly increase CSF production, and raise intracranial pressure, which might have the effect of opposing venous dilation. However, this possibility is speculative, especially since beta-blockers do not change intracranial pressure , and intracranial pressure changes due to CSF production changes are thought to happen on much longer times scales than the changes we observed.
Our observation that cerebral venous blood volume changes reflect peripheral cardiovascular changes in addition to central processes aligns well with previous reports that BOLD fMRI signals, which primarily report oxygenation and volume of venous blood (Kim and Ogawa, 2012) , can be affected by physiological fluctuations (Birn et al., 2008a, b; Birn, 2012; Chang et al., , 2013 ). Our results suggest that cerebral blood flow and arterial volume changes were not detectably affected by large changes in the cardiovascular dynamics, and thus are probably driven by central signals. However, venous volume changes are at least partially driven by cardiovascular changes accompanying the functional activation. The implication of this result is that in functional imaging studies, where comparisons are drawn across groups with potentially different cardiovascular states, as in aging and disease studies (D'esposito et al., 2003; Iadecola, 2010 Iadecola, , 2013 , or use stimuli that might drive heart rate changes (such as emotionally charged images or aversive stimuli) (Straube et al., 2007; LaBar et al., 1998) , or pharmacological fMRI studies with compounds that affect the cardiovascular system (Jenkins, 2012) , or during resting state studies during which the heart-rate and other cardiovascular processes naturally fluctuate (Chang et al., 2013; Goldberger et al., 2002) , the measured hemodynamic signals are likely to be contaminated by cardiovascular effects. Under conditions where there might be large cardiovascular changes, it may be preferable to use hemodynamic measures that are less dependent on fluctuations in venous blood volume (such as arterial spin labeling and other techniques (Calamante et al., 1999; Cavusoglu et al., 2012) ), or use brief stimuli, which do not cause significant increases in venous volume (Drew et al., 2011; Hillman et al., 2007; Kim et al., 2007; Kim and Kim, 2010; Zong et al., 2012) .
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